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Process parameters for production of high T, ceramic superconductors have been
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diameter of 15-20pm have been produced. Adherent crack free 123 thin films by
sol-gel dip coating method on yttria stablized zirconia polycrystals (YSZP) has
been demonstrated. Fiber microstructures and heat treatment process cycle
relationsnips were established. The sintered powder compact critical
temperature T, = Tgp,5 = 91K with a transition width T, = Tg g - Tp,1 of >2K was
zeasured. Resistivity measurements in applied magnetic field, H, up to 10T were
carried out. The upper critical field slope (dHC2/dT) T, = -2.75 T/K for n=0.1,
0.5 and 0.9 were determined. The magnetic susceptibility at H = 25 Qe = 89K and
the strength of diamagnetic signal greater than the Meisner signal by a factor
of 3.9 was observed. The critical current density values of J, ~ 4.1 x 10%
A/Cm? act 3 KOe and J. ~ 1 x 10 A/Cm? at 50 KOe at 5K have been calculated.

GA constructed table top continuous fiber spinner, equipped with magnet with the
field strength of 0.75T at 0.5 cm spacing, was completed and is operational.

GA constructed automatic dip coating machine was completed and is operatiomal.
Spinning of continuous, meters in length, preceramic 123 monofilament was
accomplished. Design and technique for measuring cavity quality factor Q have
been identified. Theory assessment was made of flux creep on the surface
resistance of high T. ceramic superconductors.




FOREWORD

This report summarizes mostly experimental and some theoretical
work conducted during the first year, May 24, 1988 to June 31, 1989, of
DARPA/ONR Contract N00014-88-C-0714, High Temperature Ceramic Supercon-
ductors. Dr. Kay Adams is the DARPA program manager and Dr. Wallace
Arden Smith, Materials Division, Department of the Navy, ONR, is the

Navy project scientist.

Also included as part of this summary technical report is an
appendix which covers more detailed experimental aspects of the work

performed during the course of the research program.
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1. INTRODUCTION

Three new types of ceramic superconductors have been discovered in
the past two years: YBajyCu307 (T. ~95 K) and its rare earth cogeners,
Bi;Sr,CaCuy0g (T, ~110 K), and T1;SrpCaCup0g) (T ~125 K) (Ref. ). The
thallium material is hazardous and toxic and must be handled with great
care. The bismuth material is currently synthesized within ~5 deg. of
its melting point. The YBajCu307 material is the most studied material,
and its chemistry is the best understood. As opposed to the thallium
and bismuth materials, the YBajyCu307 must be annealed in oxygen in the
temperature range of 450° to 550°C, after its synthesis above 900 deg.
This temperature-dependent oxygen sensitivity is a process variable
which may prove useful in understanding the microstructure processing

property relationships of monolith, fibers, and films.

The crystal chemistry of High Temperature Superconductors has been
recently reviewed by A. W. Sleight (Ref. 2) and needs no further discus-
sion. Various correlations between material properties and T. have been
made as oxide superconductors have been so intensively studied. Some of
these corr~lations are so interdependent that it is difficult to sort

out the truly meaningful correlations at this time.

The principal goals of this program are (1) to demonstrate fabrica-
tion of high-temperature ceramic superconductors via a soi-gel method
that can operate at or above 90 K with appropriate current density, J.,
in forms useful for application in resonant cavities, magnets, motors,
sensors, computers, and other devices; and (2) to fabricate and
demonstrate selected components made of these materials, including

microwave cavities and magnetic shields.

The General Atomics (GA) approach is to develop the sol-gel tech-

nology processing of high-temperature ceramic superconductors to make
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sol-gel a viable process for fabricating high T. (>90 K) superconductors
in forms useful for applications. The nature of sol-gel processing
makes it inherently amenable to fabricating the thin films and fibers
that are needed for many applications. In addition, the relatively low
temperature characteristics of sol-gel processing make it advantageous
for many applications in which the superconducting materials must be

applied to heat sensitive substrates.
The scope of the effort includes the following:
. Synthesis of sol precursors.
. Optimization of sol-gel processed material, including purity,
homogeneity, stoichiometry, sintering temperatures, grain size
and orientation, and dopants for grain boundary and flux pin-

ning and for control of mechanical properties.

i Fabrication of forms, including powders, thin and thick films,
and fibers.

o Evaluation of environmental stability, physical, mechanical,

electrical, and magnetic properties.
. Fabrication and testing of a model component.
1.1. PROJECT OQUTLINE
This program has been divided into six tasks: (1) metal alkoxide
synthesis and processing, (2) microstructural evaluation and property
measurement, (3) electrical and magnetic property measurement,

(4) superconductor ceramic processing, (5) component fabrication

and demonstration, and (6) reporting.
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Task 1 1s to synthesize a homogeneous metal alkoxide, M(OR),,

where n is the valence of metal, M, and R is an organic group, solution
that ontains all the constituent elements which can be easily made to
powders, thin film, or drawn into fiber form. Ideally, this solution
should possess precise stoichiometry, adequate stability, polymerizabil-
ity, adherence, and spinnability. Also, the polymeric materials formed
from this solution should be thermosetting, be able to be dissolved in
organic sclvents, and contain as little as possible low-temperature

pyrolyzable organics with high char yield.

Task 2 is to study the microstructure as a function of processing
parameters. The study includes: density, pore size and pore size dis-
tribution, phase identification, chemical composition and purity, envi-
ronmental stability, effects of heat treatment, residual strain, seed-
ing, annealing in magnetic fields, and epitaxy on grain growth and

orientation.

Task 3 1s to study the electrical and magnetic properties of the
YBayCu307_y (123) high T, ceramic superconductors. It will include both
the ac electrical resistance (R,.) and the ac magnetic susceptibility

(Yac) magnetic properties.

The dc¢ current versus voltage curve will be measured at liquid
nitrogen temperatures for all promising superconducting materials and a
value for J. (77 K) determined. For the samples with the highest values
of Jo (77 K), critical currents will be measured as a function of mag-
netic fields of up to 8 T at temperatures between 1.4 K and near the
superconducting transition temperature T.. These data will be collected
in liquid He or flowing He using a Janis Supervaritemp dewar equipped
with an 8 T superconducting magnet. As required, Hall effect measure-
ments can be performed in this apparatus to determine the type and den-
sity of the current carriers. Both y,. and R,. at pressures up to
20 kbar, can be used in this dewar to measure the superconducting and
magnetic properties of samples at high pressures, at high magnetic

fields, and at temperatures from 1.4 to 300 K.
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As a subcontractor tc GA, the Superconductivity and Magnetism
group, under the directicn of Professor M. Brian Maple, at the
University of California, San Diego (UCSD), has performed the
electromagnetic characterization or high-temperature superconducting
oxide compounds, which are fabricated at GA. UCSD personnel have and
will continue to measure the superconducting and magnetic properties by
means of measurements of the upper critical magnetic field, critical
current density inferred from both direct and magnetization
measurements, magnetic susceptibility, Meissner effect, and specific

heat.

Task 4 is an investigation of superconductor ceramic processing.
Must of the important applications of superconductors require material
in the form of fiber or films. Magnets, conductors, motors, and gen-
erators are examples of applications employing fiber; while detectors,
microwave cavities, and microcircuitry require superconducting material
in the form of films. The sol-gel process 1is ideally suited to pro-
ducing materials in these forms; in fact, it is used commercially to
produce antireflection and mirror coatings and to produce continuous
ceramic fibers for structural reinforcement in composite materials and

for thermal insulation.

Task 5 is to demonstrate component fabrication. GA will design and
build a high Q, high T, superconducting cavity using its unique sol-gel
coating process capabilities. This task would proceed after some ini-
tial coating tests verified d¢ superconductivity and questions of adhe-
siveness, surface preparation, and processing procedures are answered.
As the fabrication process and the materials quality are improved
throughout the three-year program, two additional cavities will be con-
structed and tested. Coupling would be through a waveguide inductive
iris into an end wall with a logarithmic decrement technique of Q mea-
surement being considered most appropriate for the high Q anticipated.
An X-band (10 GHz) frequency choice allows for convenient dimensions of

4.3 cm diameter by 2.8 cm height.
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2. SUMMARY OF ACCOMPLISHMENTS

In the following section, a brief narrative description of the

major advances that have been accomplished under each task are

presented.

2.1,

METAL ALKOXIDE PRECURSOR COMPOUND SYNTHESIS AND PROCESSING
TO POWDERS, COMPACT AND MONOLITH

1.

The chemical pathways for preparation of 123 powder, fiber,
and film have been identified.

A new technique for synthesis of fine particle DyBajCu30y_x as

seed material has been developed.

Monolithic powder compacts achieved a T, ~91 K. The width of

transition temperature is consistently ~2° K.

123 Gel Monolith was produced.

GEL PROCESSING

Process parameters for production of 123 high T, ceramic

superconductors have been developed.

Siatered dense flexible sol-gel aerived 123 monofilaments with

diameter of 15 to 20 pm have been produced.

Adherent crack free 123 thin film by sol-gel dip coating
method on yttria stabilized zirconia polyecrystals (YSZP)

substrate has been demonstrated.

" 3STRUCTURE AND ELECTROMAGNETIC PROPERTY CHARACTERIZATION

.t microstructures and heat treatment process cycle

relationships were established.




The sintered powder compact critical temperature T, = Tg 65 =
91 K with a transition width Tc = Tg, g ~ Tg,1 of <2 K was mea-
sured; resistivity measurements in applied magnetic field, H,
up to 10 T were carried out; the upper critical field slope
(dHC2/dT)T. = -2.75 T/k for n = 0.1, 0.5, and 0.9 were deter-
mined; the magnetic susceptibility at H = 250e = 89 K and the
strength of the diamagnetic signal greater than the Meisner
signal by a factor of 3.9 was observed; the critical current
density values of J. ~ 4.1 x 10%A/Cm? at 3KOe and J. ~ 1 x
10%A/Cm2 at 50 KOe at 5 K have been calculated.

2.4. CERAMIC SUPERCONDUCTOR FIBER AND FILM PROCESSING

GA-constructed table top continuous fiber spinner machine was

completed and is operational.

GA-constructed automatic dip coater machine was completed and

is operational.

Spinning of continuous meters in length preceramic 123 mono-

filaments was accomplished.

2.5. COMPONENT DESIGN AND FABRICATION

1.

Design and technique for measuring cavity quality factor, Q,
have been identified.

Theory assessment was made of flux creep on the surface resis-

tance of high T, superconductors.
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APPENDIX A
METAL ALKOXIDE PRECURSOR COMPOUNDS SYNTHESIS AND PROCESSING

A.1. YTTRIUM AND LANTHANIDE ALKOXIDES

The electronegativity of yttrium and lanthanides places these
elements between metals such as aluminum, which forms covalent
alkoxides, and sodium, which forms ionic alkoxides. The degree of ionic
character of the M-0 bond, which is dependent on the size and
electronegativity of the metal atom, is important in determining the

character of the alkoxide.

The study of alkoxides of yttrium and the lanthanides has been lim-
ited due to expensive starting materials and preparation and handling
difficulties. Successful characterization of most of the alkoxides is
complicated by their extreme sensitivity to moisture, heat, light, and

atmospheric conditions.

A.l.1. Synthesis

The yttrium and lanthanide tris-isopropoxides are prepared by the
reaction of metal turnings with excess isopropyl alcohol and a small

amount of HgClj, (10’4 mol per mol of metal) as a catalyst (Ref. 3).

HgCl,
Ln + 3C3Hy0H —esom—>> Ln(0C3H7)3 + 3/2 Hyt + Hg + 2HCL? .

82°cC
After filtration, the crude product is purified by recrystalliza-
tion from hot isopropyl alcohol or vacuum sublimitation. Yields of 75%
or better are realized with this method. For some of the larger metal
ions (lanthanum through neodymium), the reaction rate and percentage
yield are increased by using a mixture of HgCl; and Hg(C2H302)2 or Hglj
(Ref. 3) for the catalyst.




Substitution of other R groups for the isopropoxy groups is accom-

plished by the alcohol exchange technique.

The alkaline earth metal alkoxides are prepared by the reaction of
metal with alcohol. The reaction is highly exothermic with evolution of

excess hydrogen.

M + ROH —————) M(OR), + Hpt ,

exothermic

where M = the metal,
R = the isopropyl group,

n=1o0r 2.

The copper methoxide and ethoxide are commercially available and
are prepared by the reaction of anhydrous copper chloride/fluoride with
lithium methoxide, LiOCH3 or lithium ethoxide, LiOC3H5 in accordance

with the following reaction:
Cuxy + 2LiOR + Cu(OR), + 2Lix .
A.1.2. HIGH T, CERAMIC SUPERCONDUCTOR POWDERS
Initially the barium yttrium copper hydroxide, BajsY¥Cuj(OH);3 was
prepared by hydrolytic decomposition of their respective metal
alkoxides. The hydroxide was then concentrated by evaporating the
alcohol solvent and dried at 110°C for 1 to 2 h. The flow diagram, as

applied to preparation of pcwder, fiber, and film, is shown in Fig. A-1l.

Bay¥Cu3(0H) 13 K Bag¥Cu307_x + 6.5 Hp0

A-2
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At this stage, the hydrated hydroxides consist of finely divided par-
ticles. The as-prepared powder showed a mixture of various yttrium
barium cuprates when examined by X-ray djiffraction. Also, the emission
spectrographic analyses of the powder after it was calcined at 675°C for
1 h indicated that the powder contained ~300 ppm Si and unacceptable
levels of Li and chlorine. The source of Si impurity is from the
silicone grease used in the laboratory preparative glass wears and was
eliminated in the subsequent powder batches. The elimination of Li and
chlorine from the commercially available copper alkoxide containing LiC1l
was accomplished by repeated washing of the as-received copper

methoxide, Cu(OCH3),, with methanol.

The reduction of the chloride ion by EDX from the copper methoxide
is 1llustrated in Fig. A-2. Although the purification of copper alkox-
ide was found cumbersome and labor intensive, the result indicates that
the Cl1 content is virtually eliminated from the alkoxide after washing
five times with dry methanol. As a further confirmation of the effec-
tiveness of the methanol wash, a chemical analysis (ion chromatography)
of the filtrate showed Cl content of 8 ppm and the solid alkoxide had a
Cl content that was less than the lowest detectable limit, which is
0.087.

A.1.3. Powder Synthesis

After the purity of the starting materials was ensured, the next
task was to form a homogeneous solution from the three alkoxides.
First, Cu methoxide was solubilized in MeOH by complexing with ammonia.
The blue solution is then mixed with hydrogen peroxide (continuing 31.6%
water). By adding the isopropoxides of Y and Ba to this solution, all

three alkoxides are kept in solution.

In order to obtain a large number of nucleation sites during
hydrolysis, thus allowing the formation of fine precipitates, the homo-

geneous solution obtained was mixed quickly with an excess amount of




_before washing

ClKe

lCDK«

CuKe

| 2.0 4.0 6.00 8.9

keV

Fig. A-2. EDX analysis of Cu methoxide powder before and after washing




hydrogen peroxide and water. Gelatinous precipitates formed immedi-
ately. The sol and/or gel was then concentrated to dryness at 40°C in
a rotary evaporator. Due to the moisture sensitivity and reactivity of
high T, superconductor material with COj, excessive exposure of the
powder material to an ambient atmosphere was avoided by gentle crushing
of the dried powder in the dry box and storing the powder under inert

atmosphere.

The X-ray diffraction pattern of the as-prepared powder and
isothermally aged for 1 h in oxygen at 750°, 800°, and 900°C are shown
in Fig. A-3. The primary result based on X-ray diffraction data
indicates that the phase transformation in 123 system is a bulk
phenomenon and is not a function of nucleation and growth of primary

crystalite to larger crystalite size.

Figure A-4 shows a TEM image of the as-prepared powder. The parti-
cles are mostly amorphous and their size ranges are between 20 and 50 nm
in diameter. The fine particles, however, do not maintain their size
upon calcination. They tend to agglomerate severely and sinter even as
low a temperature as 400°C. An example of such an aggregate is given in
Fig. A-5. It is clearly evident from this experiment that calcination
temperature must be maintained as low as possible if particle size is to

be kept small and the degree of agglomeration is to be minimized.

Since it is advantageous to keep the powder particle size small for
“higher activity, the calcination temperature must be lowered. Recently,
it has been reported that the 123 formation temperature was lowered to
650° to 700°C when the hyponitrate derived 123 was heat treated in argon
(Ref. 4). Similar heat treatment was adopted in this study. The
powders were calcined initially in oxygen at 400°C for an hour and then
in argon. A summary of the experiment is presented in Fig. A-6. The
XRD patterns clearly show that tetragonal 123 was formed at as low a
temperature as 750°C in just one hour, which is 150°C lower than when -

the powder was calcined in oxygen atmosphere.

A-6
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Fig. A-4. TEM image of as-prepared powder




200 nm

Fig. A-5. TEM image of 123 powder heated at 400°C for 1 h in flowing
oxygen
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To observe the effect of atmosphere and calcination temperatures on
123 powder particle size and particle morphology, powder samples were
heat treated at 750°C for 1 h in air and viewed by TEM. Figure A-7
shows that the particle size is still in submicron range and less

agglomerated.

A.1.4. Seed-Powder Synthesis

A new and innovative approach to preparation of fine crystals of
DyBasCu307_x was developed by pyrolysis of paper filament coated with
metallo-organic solution containing the 123 constituent. The objective
was to produce highly crystalline submicron 123 particulates for seeding
purposes. The experimental results indicate that in the aforementioned
process, agglomeration, nucleation, and growth of the powder formed at
850° to 950°C were avoided. While the crystallinity is improved, the
well-developed crystal facets are achieved by prolonged firing.

A typical DyBajCu307_4 powder sample after firing at different
temperatures and times are shown in Figs. A-8(a) and A-8(b). In some
areas where solution is trapped by the capillary force, the grain growth
is more prominent [Figs. A-9(a) and A-9(b)]. This implies that a paper
filament coated with a very dilute solution is a potential source for
123 fine crystals as seed material. Detailed study is being performed
to determine the best procedure for production of single-phase submicron
DyBajzCu307_y powders. The preliminary results indicate the crystalliza-
tion is similar to that of YBajyCu307_y.

A.1.5. Sol-Gel Processing

By controlling the concentrations of solvent and the constituent
materials, a sol can be cast into a mold and concentrated into a gel.
It is hoped that this gel can then be dried into a fully dense 123

superconducting monolith.




ga ?*.‘: - .« ®

0.5 pm

Fig. A-7. TEM image of 123 powder heated at 750°C for 1 h in flowing
air
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Fig. A-9. DyBajCu307_, powder calcined at (a) 900°C, 4 h and
(b) 900°C, 8 h




The method used to make the sol is similar to that used in making
films and powders; however, for this application, the amount of solvent
used is critical to later drying of the gel. Using an excessive amount
of solvent in preparing the gel means that there is more liquid to be
removed upon drying. Conversely, not enough solvent prevents the forma-
tion of an initial homogeneous 123 solution. By an iterative process, a
weight ratio of 62:1 dry methanol to solid copper methoxide was deter-~

mined to be appropriate for producing a gel.

Controlled, uniform drying of 123 monolithic gels, as with any
other gel, is very critical. The gels need to be dried slowly enough to
prevent cracking. Initially, the gels were dried through surface con-
tact with air. The top of the sample vial was left off to allow the gel
to dry. This resulted in the surface drying more rapidly than the rest
of the gel and inevitably led to cracking of the gel. The air drafts,
variations in temperature, and humidity within the laboratory also made

this method unacceptable for drying gels.

In an effort to obtain more uniform drying conditions, the gels
were partially submerged in both water and oil baths. The bath tempera-
tures were maintained between 40° and 50°C to promote slow drying. The
purpose of using the baths was to initiate drying below the surface as
well as at the surface. The water bath treatment was quickly abandoned,
since the presence of water vapor was found detrimental to the supercon-
ducting properties of the gel. However, by controlling the time and

temperature of drying, the tendency of the gel to crack was minimized.

After drying, the gels were reacted and sintered at various temper-
atures to obtain a clean, impurity-free 123 composition. Preliminary
X-ray diffraction studies were performed to obtain the optimum reaction
temperature for the yttrium barium copper oxide gel conversion to super-
conducting 123. Dried gels were ground to powder and reacted from 750°
to 900°C, as shown in Fig. A-10. From this figure, it is obvious that

the 900°C reaction temperature ylelds a clean 123 powder; therefore,
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subsequent gels were reacted at 900°C with oxygen anneals performed at

350°cC.

Once the reaction temperature was determined, it was necessary to
begin densifying the gels. A partially densified piece of gel is shown
in Fig. A-11. This gel was heated to 900°C over 4 h and held at 900°C
for 30 min. Upon cooling, it was subjected to an oxygen anneal at 350°C
for 1 h. Although deviation from stoichiometry exists in this sample,
initial progress in densification is illustrated. The lower mag-
nification micrograph shows that the gel is fine grained and relatively
dense; however, at higher magnification, pockets of porosity are
evident. The work is continued in this area in drying and reacting the

gels to obtain dense 123 monoliths.
A.1.6. Thin Films

In this work, the same precursor chemicals as. the ones used for the
powder and gel synthesis study were employed. By controlling the amount
of solvent and hydrogen peroxide and water, a solution with appropriate
viscosity was prepared. By dipping a polished yttria stabilized
zirconia substrate repeatedly, with approximately 60 sec. of drying in
air between each dip, and heating to 800°C, a 123 film, much like the

one presented in Fig. A-12, was formed.

Although the film is not crack free, it shows that, for the most
part, the film has a smooth surface finish. The accompanying XRD
pattern shows that all the peaks other than those from the substrate are

due to the presence of 123.

A.1.7. Synthesis of Precursor Compounds Suited for Film and Fibers
Processing

As mentioned before, in order to obtain precursors with the proper
chemical stoichiometry to give the 123 compound, it is advantageous to

use homogeneous liquid solutions of the metallic components. Synthesis
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Fig. A-11.

) 1EE

Scanning electron micrograph of 123 superconductor gel
monolith sintered at 900°C
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using the required ions and an organic acid (Ref. 5), the hyponitrites
(Ref. 6), yttrium and barium alkoxides with different coordination com-

pounds of copper (Refs. 7 through 9) have been reported.

A difficulty with the reported synthetic procedure has been precip-
itation of a solid containing copper when the soluble Cu(II) species is
added to the yttrium alkoxide. Fahrenholtz et al. (Ref. 10) suggests
that this is due to an exchange of the acetylacetone ligand on the
Cu(II) species with the yttrium alkoxide. Rather than to adjust the
initial solution concentration by adding additional Cu(IIl) compound, we
have been investigating the use of peroxides as stabilizing agents for

the initial homogeneous solution.

In order to determine which one of the syntheses will yield super-
conducting films and fibers capable of carrying high currents at criti-
cal temperatures approaching 90 K, we were successful in preparing the
123 compound by combining certain aspects from syntheses reported by

Payne (Ref. 10) and Mecartney (Ref. 11).

Typically, homogeneous solutions containing the 123 compounds were
prepared by reacting 0.033 g (0.00024 mole) of barium granules (Alfa
Products) with 0.225 ml of the stock yttrium alkoxide (0.00012 mole)
and 0.275 ml dry 2-ethoxyethanol. The barium reacted completely in
about 2 h at room temperature. To this solution was added 0.0914 g
(0.00036 mole Cu) of the Cu(II) compound, which dissolved readily.
After stirring at room temperature for 20 min, 1 to 10 equivalents of
water per mole of alkoxy ligand were added. After a 1- to 4-h reaction
time, the solvent was removed under vacuum at 56°C, giving a black

powder.

Figure A-13(a) shows the TGA decomposition behavior of a precursor
powder when heated in oxygen at 1°C/min. Three regions of rapid weight
loss are observed: 150° to 200°C, 550° to 600°C, and 775° to 825°C.
The total weight loss for this sample approaches 50 wt %. The 25% loss
at temperatures less than 200°C is thought to be bound solvent and
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water, since a sample dried in a vacuum oven at 135°C lost only about

5 wt %2 up to 200°C. Furthermore, the latter sample lost only a total of
28 wt %. We are currently attempting to use gas chromatography to
determine what speciles are evolved during the several regions of weight

loss.

Based on Fig. A-13(a), a sample of 123 powder was prepared by cal-

cining in oxygen according to the following schedule:

1. Heat at 60°C/h to 900°C.
2. Hold 5 h at 900°C.

Cool at 300°C/h to 500°C.
4. Hold 5 h at 500°C.

5. Cool to room temperature.

Figure A-14 shows the X-ray diffraction pattern for material pre-
pared as described above using 3.6 equivalents of water per mole of
alkoxide ligand. The diffraction data indicates that the 123 compound
is clean, with undetectable amounts of barium carbonate, copper oxide,
or barium cuprate, which have been found as contaminants in other

syntheses.

In subsequent runs, combinations of water and other oxidizing
agents were attempted. Table A-1 describes the reaction conditions used
during hydrolysis of the alkoxides. Since the minimum amount of water
necessary for hydrolysis is 0.5 mole per mole of alkoxide moiety, water
was used in excess. Hydrogen peroxide and t-butyl hydroperoxide were
added to keep the copper in the Cu(II) oxidation state. Also, hydrazine
was used in an attempt to reduce the copper acetylacetonate, with the
hope that decomposition to the 123 compound would occur at low

temperature.
The stability of the solutions was estimated by observing the
necessary time for mixing needed to observe a precipitate when a strong

light beam was passed through the solution. Solutions without any
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TABLE A-1
MOLAR RATIO OF ADDITIVES USED DURING HYDROLYSIS
AND POLYCONDENSATION OF ALKOXIDES

Additive Mole/Mole Alkoxide Moiety

Expected

Test Y:Ba:Cu Hy0 Hy09 C4HqOOH NH,NHo H*
10094-4 1:2:3 1.7 1.1
10094-11 1:2:3 4.5 0.17
10094-15 1:2:3 3.0 1.7
10094-31 1:2:3 6.5 0.11 2.1
10094-51 1:2:3 3.6 0.43
10094-89 1:2:3 4.5 0.16
10094-70 1:2:0 4.2 0.15
10094-82 0:0:1 4.5 0.17
10096-9 1:2:3 3.9 0.07
10096-13 1:2:3 3.9 1.0
10096-16 1:2:3 3.9 0.07
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additives generally showed a precipitate within 20 to 30 min from the
addition of Cu(II) to the solution containing the Y and Ba alkoxide.
When oxidizing agents are added to the solution, no precipitates are
observed for 2 to 4 h after the addition (Table A-2). Hydrazine,
however, results in an immediate darkening of the solution and formation
of a black precipitate. The use of hydrogen peroxide usually results in
a product that, after calcining to 850, exhibits the diffraction pattern
of only orthorhombic 123 (Table A-2). When hydrazine is used,
orthorhombi~ 123 is the major product, but the diffraction pattern of an
impurity is also observed with a d-spacing of 2.7 to 3.2°A. It is
difficult to identify this impurity, but it may be a combination of the
211 and the 011 compounds.

In an attempt to understand the decomposition and conversion of
the initial powder to the 123 compound, the weight loss of the samples
as a function of the decomposition temperature (TGA, were measured. A
comparison of the TGA for different hydrolysis additives is shown in
Fig. A-13. Typically, there are two areas of rapid weight loss. The
high temperature region occurs between 750° and 850°C and does not
depend on the additive used during hydrolysis. The low temperature
region, however, occurs between 300° and 350°C for samples treated with
hydrazine and between 150° and 250°C for processes using oxidizing

additives.

The weight losses are significantly smaller for processes in which
hydrazine has been added. This suggests that the hydrazine reacts with
Cu(II) compound liberating a high volatility material that is removed
during the drying step, before the TGA run is conducted.

Since low temperature processing is desirable, one test (Fig. A-15)
was conducted in which a hydrogen peroxide processed sample was heated
to 350°C and held isothermally for about 2000 min. The temperature was
then increased to 850°C. The weight loss 350°C reached a plateau that
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TABLE A-2

STABILITY AND PRODUCTS OF HYDROLYZING SOLUTIONS
OF 123 ALKOXIDES WITH ADDITIVES

Solution Stability Measured(8)

Test (h) Y:Ba:Cu Products(b)
10094-4 0 123 (211,011)
10094-11 4 123
10094-15 0 1:2.4:4.0 123 (211,011)
10094-31 4 1:2.0:3.8 123 (211,011)
10094-51 2 1:1.5:2.3 123 (211,011)
10094-89 2 1:2.1:3.8 123 (211,011)
10094-70 0 BaCO3 (Y303)
10094-82 0 0:0:1 Cud
10096-9 3 1:2.1:3.7 123
10096-13 0 123 (211,011)
10096-16 3

(8)Measured by EDAX.
(P)Measured by X-ray diffraction.
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was similar to the weight loss during a continuous increasing tempera-
ture ramp. Further, on increasing the temperature, additional weight
loss occurred. Currently, experiments are underway to determine the

product composition in the different temperature regions.

A.2. SOL-GEL COATING

A.2.1. Dip Coating

Another important objective of this work is to produce super-
conducting thin films. Accordingly, appropriate experiments were

initiated to develop thin films.

GA has constructed a microprocessor based dip coating machine for
coating small disks or strips. This instrument consists of a sample
holder device attached to a Berg linear clutch assembly. The holder
is contained in an pyrex glass enclosure, which also surrounds the vial
with the coating solution. Inert or reactive gas can be purged through
the enclosure during the dipping process. Surrounding both ends of the
enclosure are heaters, operated by separate Omega temperature con-
trollers, that function as a coating dryer and a coating solution
heater. The linear clutch is driven at a variable speed of 1-5 mm/s by
a Minarek reversible dc motor. The direction of travel of the linear
assembly, the position of the assembly, and the number of dips is con-
trolled by an LFE microprocessor based controller. The ramp-and-soak
feature of the LFE allows the operator to change the length of time that

the sample is held in the coating solution or in the heater zone.

Figure A-16 is a photomicrograph of a coating prepared by dipping
YSZP substrate 300 times into an alkoxide solution that had been
hydrolyzed with a low concentration of Hy0; and water. In between dips,
the solvent was evaporated at 90° to 95°C in the drying portion of the
dip coater. After coating, the sample was dried in a vacuum at 94°C to

remove residual solvent. Some small cracks can be observed, but the
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Fig. A-16. Photomicrograph of yttria stabilized zirconia substrate
dip-coated 300 times with a solution hydrolyzed using
water and hydrogen peroxide
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coating is considerably more continuous than those obtained earlier by

hand dipping.

Figure A-17 is a 400 magnification of a coating prepared by 40 dips
into a solution that did not contain hydrogen peroxide. This coating
is striated and seems to have cracks perpendicular to the withdrawal

direction.

Work is continuing to study the effects of chemistry and solution

rheology on the properties of these coatings.

A.2.2. Sol-Gel Derived Fiber

A.2.2.1. Fiber Processing. To form a useful ceramic fiber from sol-

gel, all the parameters shown in Fig. A-18 must be understood and repro-
ducibly controlled. 1In order to acquire suitable properties (namely,
adequate solution stability, high solubility in organic solvents,
spinnability, and thermosetting properties) in the polymeric material
for fiber drawing, the structure of the solutions should first be

controlled.

It is known that if each monomer contains more than three func-
tional groups, a three-dimensional rigid network will form upon complete
polymerization. Therefore, the number of active functional groups per
molecule should be limited tc two (or close to two) for the polymer to
have some degree of flexibility. The two-dimensional chain-type struc-
ture should provide spinnability for fiber drawing and, at same time,
have a better chance to be dissolved in organic solvents. To achieve
this requirement in alkoxides, the alkoxy group could be replaced by
organic acids or beta-diketones. Since the molecular structures of the
alkoxides used are not well defined at the present time, the exact
amount of organic acids needed to achieve chain-type structure should be

determined experimentally.
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Fig. A-17. Photomicrograph of a coating prepared by dip coating yttria
stabilized zirconia substrate 40 times with a solution
hydrolyzed using water without hydrogen peroxide
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Yetrium and barium isopropoxides were mixed in one to two molar
ratio and were refluxed to obtain a possible "double alkoxide." An
organic acid, e.g., 2-ethylhexanoic acid, was added to this solution in
different molar ratios to replace the active alkoxy groups. The molar
ratios of 2-ethylhexanoic acid added were 5.17/1, 2/67/1, 2/05/1, 1/5/1,
and 1.0/1 of the total molar alkoxides in the solutions. The resultant
solutions were exposed to moisture and concentrated to see if they would
become viscous liquids. The fiber forming properties of those viscous
polymeric materials were examined. After evaporation of solvents, the
solutions with greater than 1.5/1 molar ratios of the acid became

viscous. This viscous solution was successfully hand-drawn into fibers.

The attached organic acid groups, however, could not be removed by
low temperature evaporation. They had to be removed by high temperature
pyrolysis. Therefore, the optimal condition will be to maintain the
viscous state but reduce the amount of residual orgaﬁics as much as pos-
sible. Reduction of the amount of organic acid in the polymeric mate-
rials also have the advantage of smaller shrinkage and less chance of
forming barium carbonate during firing. At the present time, the
solution with 1.5/1 molar ratio acid addition seems to best fit all

these requirements.

A.2.3. Preparation of Solution Containing the Necessary Elements with
Fiber and Film Forming Abilities

Copper ethylhexanoate was found to be suitable for homogeneous
solution preparation. After mixing yttrium and barium alkoxides in 1:2
ratio, an equivalent amount of 1.5/1 molar ratio of 2-ethylhexanoic
acid/alkoxides was introduced to modify the structure of this alkox-
ide(s). To this homogeneous solution, copper ethylhexanocate propanolic
solution was added. The volume of the solution was approximately 400 to
500 ml. By refluxing this solution in a nitrogen atmosphere for 30 to
60 min, a greenish precipitate was formed. When a few milliliters of
water-propanol solution was distilled into the solution, the greenish
precipitate immediately dissolved, and a dark brownish green solution

was formed. This solution was further concentrated until the volume of
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the solution was approximately 50 ml. A dark greenish brown precipitate
formed on the bottom. The solution was distilled until almost dry.

This precipitate was found to completely dissolve in less than 5 ml of
benzene. The solution obtained was a clear dark brown solution. This
dark brown solution was further concentrated to 0.5 to 1 ml. The flow
diagram of the process developed is shown i1f Fig. (A-19). At this
point, the solution became highly viscous and could be easily hand-drawn
into fibers (Fig. A-20). Fibers as long as 80 cm were easily drawn.

The fibers have adequate mechanical strength immediately after drawing
and are flexible. Additionally, the strengths and flexibility were
retained for about 5 days. After 5 days in ambient atmosphere, the
fibers became more brittle. Short fibers were heat treated up to 900°C

for 5 h and characterized as shown in Fig. A-21.

It was noted that even though the solution possessed good fiber-
izability, it was not at the right stoichiometry. Due to the fact that
a small amount of the sample was prepared for the fiberizability test,
small errors in the alkoxide solution concentrations and volume
measurements can result in large variations in the composition from the
intended (123) composition. Further experiments are being carried out to
calibrate the solution concentrations to determine if the variations
from the intended composition was due to the errors in the starting
composition of the solution or due to loss of some element during

pyrolysis.

A.2.4. Calibration of Solution Concentrations

From the above discussion, it is obvious that an accurate control
method for determination of the solution concentrations is necessary. A
method that 1is accurate, rapid, and adaptable for quality control pur-
poses is titrametry. The following paragraphs describe the standard
titration procedures used for the determination of the concentrations
of the solutions. These procedures have to be modified to remove
i-propanol and other organic species and to adjust the solution pH

before the standard procedure could be used.
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Cu(07CgH15)2
Y(0C3H7)3 Ba(0C3H7); OR OTHER
Cu(0OCR)y
PRECIPITATION
He0
HOMOGENEGUS
SOLUTION
CONCENTRATION
PRECIPITATION
ORGANIC SOLVENTS
e.g. BENZENE
HOMOGENEOUS
SOLUTION
CONCENTRATION
VISCOUS
SOLUTION

Fig. A-19. Flow diagram for BaYCuO high-temperature superconductor
preparation
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Fig. A-20. Sol-gel derived preceramic superconductor fiber
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A.2.4.1. Determination of the Concentration of Yttrium Alkoxide
Solution

EDTA titration 1s suitable for determination of rare earths
(Ref. 12). To the slightly acidic solution, add a few crystals of
NaK-tartrate, 5 ml pH 10 buffer per 50 ml of the solution until the pH
of the solution is 8-9, and eriochrome black T indicator, and titrate
the boiling solution with 0.1 M EDTA until the color becomes blue.

A.2.4.2, Determination of the Concentration of Barium Alkoxide Solution

To the barium aqueous solutions, add two drops of acetic acid, boil
for 5 min., cool, add 10 ml buffer (8.25 g NH,4Cl and 113 ml NH,OH
diluted to 1 liter), and 0.4 g indicator (0.25 g eriochrome black T in
25 g NaCl) and titrate with EDTA reagent solution. For the EDTA reagent
solution, dissolve 2.6 g MgCl,*6H;0, 1.9 g CaCl,®°2Hy0, 28.0 g EDTA and
7.9 ml 50% NaOH in H70 and dilute to 1 liter. Titrate with EDTA until

the color changes from wine-red to blue.

A.2.4.3. Determination of the Concentration of Copper Ethylhexanoate
Solution

Method 1 (Ref. 13). Dilute 25.0 ml of the copper solution (0.02M)
to about 100 ml with distilled water and add to the weakly acidic sol-
ution sufficient amounts of pyridine to produce an intense blue colora-
tion. Add five to six drops of pyrocatechol violet as indicator and
titrate with standard EDTA until the solution acquires a yellowish-green

(or green) color.

Method 2. For <20 mg in 100 ml acidic solution, add 0.5 g NH4NO3,
four to five drops 0.1% pyrocatechole violet indicator and 0.5 N NH,OH
to give a blue color; add 1 to 2 g NH40Ac and titrate with 0.02 0.1 M
EDTA to a yellow color (Ref. 13).

At the present time, the concentrations determined by these methods

are within 0.5% to 1% error. Further refinements of these procedures
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are in progress to reduce this error. Solutions containing all three

elements are being prepared using these calibrated solutions.

A.2.4.4, Error Analysis of Sol-Gel Synthesis

In the synthesis of 123 via the alkouide scl-gel route, there must
be some accumulation of errors in the process. In the 123 material, the
short coherence length of circa 1-1.5 nm as an impediment to current
flow sets a scale length for the total amount of impurity tolerable in
the ceramic. One can ask whether the total error of the sol-gel
operations permits synthesis of 123 with sufficient purity, to limit

impurity phases to below 1-1.5 nm throughout the sample.

To set the scale length and an approximate purity requirement,
consider a 123 particle of radius r, uniformly coated with 1 nm of

impurity phase. One can calculate

dV/V = 4mrldr/(4/3mc3) = 3drfr = 3(10 A)/r

For r=1 micron, dV/V=0.3% as a volume ratio. Within the presumption
that the volume ratio is comparable to the mole ratios of 123 to the
impurity phases, one has a figure of merit relating the mole fraction
impurity to the thickness of a uniform coating on a spherical particle.
If the total cumulative error exceeds 0.37%, then each one micron radius

particle of 123 has a 1.0 nm impurity phase surrounding it.
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TABLE A-1-2

Calibration Tolerances (Class A)

Equipment Volume(ml)

Volumetric flask 1000
100

Pipettes 50
10
1

Burets 100
50
10

+
E

[

0.3
0.08

0.05
0.02
0.006

0.20
0.10
0.04

error?d

0.20
0.20
0.40

Table A-1-2 gives the calibration errors (accuracy) of this

volumetric equipment for standard Class A calibrated materials. One can

now consider the operations required to synthesize a solution containing

all three metals (Y, Ba, Cu). Table A-2-2 gives a summary of the errors

propagating during the operations. The operations are the synthesis of

three independent one liter solutions of each metal alkoxide, the

standardization of each solution by titration, and the making of the

mixed solution by pipetting.
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TABLE A-2-2

Alkoxide Operations and Errors

I. Synthesis of stock solutions

A)

B)

C)

Make Cu(OMe)j, 0.100 M, 1.000 L
12.5546 * 0.001 g weighed out
add solid to make up 1.000L
solution in volumetric flask

Net error in making solution A

Make titrant solution (1.000 L of 0.100 M
EDTA solution) 29.224 + 0.001 g weighed
out add solid to 1.000 L volumetric
flask, add water

Net error in making titrant solution
Titrate stock solution with titrant

Add 50 ml of A with pipette

Add 50 ml of B with buret

Net error in titration
Net error in making and standardizing
one metal solution (Sum A, B, C net

error)

Net error in making and standardizing
three metal solutions

II. Make mixed solution of three metal solutions

D)

Pipette 50 ml of each solution (3 x 0.1%)

Total error (I + II) to make mixed solution:
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0.008 % errcr
0.020

0.042

0.004 % error
0.03

0.047%
0.10% % error
0.20%

0.30%




The above error analysis exemplifies how easily errors can propa-
gate up to the one percent level, using volumetric equipment. This
analysis presumes that three different standardizing titrants are
required for the three metal solutions. This analysis also presumed the
starting materials, made from solid alkoxides, are completely pure, with
no second phases or impurity phases. Simply, the analysis sums the
errors, rather than trying to estimate any cancellation of errors among
operations by further statistical analysis. The analysis also does not
take into account further "accuracy" by performing the standardizations
multiple times and averaging the results. Thus, this simple error
analysis is overly conservative, but it does give a measure of the
difficulty in limiting errors in volumetric work. Any worker making one
liter metal compound solutions in this field of work is probably working

at near a 1% error in the composition of his solution.

A second source of potential error occurs when one is working with
nonaquecus solutions: temperature variations of the stock solution
density. For pure methanol and isopropanol, the relative error in their
volumes (per gram of solvent) is 0.12%/°C and 0.11Z/°C near 20-25°C.

A 1.000 L volumetric flask of methanol, made at 20°C, will measure
1.006 L at 25°C. A solution which is 1.000 M at 20°C in methanol will
be 0.994 M at 25°C, due to this volume expansion of the solvent. Thus,
temperature control of the solutions is a significant component of
reducing the total error. By contrast, aqueous solutions have a volume
change of about 0.021%/°C near 20°C. Thus, the concentrations of
aqueous solutions are less sensitive to temperature variation than

are alcohol solutions by a factor of 5 to 6.

In looking at the error analysis, there are several places where
errors can be reduced. The Class A calibration errors refer to accuracy
and not precision. Careful calibration of each pipette in the lab may
well reduce the error in delivery below the quoted error. The precision
of the given pipette may be better than the accuracy of the quantity

nominally delivered. Second, one can reduce the amount of
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buretting required and use larger volumes of solution to reduce the
errors in measurement. Third, one can rely on more gravimetric
analysis, rather than volumetric analysis, since weighing has a smaller
relative error (0.01%7, or 10.000 + 0.001 g). For example, an analysis
of a solid state reaction of the three component oxides results in a
total error of 0.2% in the weighing out of the three oxides. However,
this 0.27 cannot be directly compared to the 1.5% solution error quoted
above, since the solid state synthesis did not include any standard-
ization of the component oxides. When a similar standardization is
included, the errors are about the same, about 1 to 27 for the solid

state synthesis.

In looking at the error analysis above, it first appears that while
0.3% total error is required, the solution method and solid state
synthesis methods will both fail. This conclusion is not entirely
warranted. First, the volume percent error presumed a one micron radius
123 particle, with a uniform impurity coating. The impurities may well
segregate to form their own grains, so that the 123 particles may have
cleaner grain boundaries than the above model presumed. Second, the
sol-gel method can prepare materials of finer grain size than other
techniques, such as solid state synthesis. Reducing the grain size to
0.1 micron radius will raise the volume percent error to 3%. Thus,
cumulative errors of 1.5% will result in only a 0.5 nm thick impurity
phase uniformly coating each particle. If the fine grained
ceramic 123 can be achieved and maintained, each grain boundary ought to
have a thinner impurity phase coating, compared to a larger grain size
material. Processing conditions to limit grain growth strongly impact
the ability to maintain the fine grain microstructure requirement. In
light of this analysis, sol-gel processing would appear to have a fav-
orable position, relative to many other techniques, in obtaining and

maintaining a fine grain microstructure.




A.3. FIBER HEAT TREATMENT
A.3.1. OPTIMIZATION OF FIBER HEAT TREATMENT SCHEDULE

Optimization of heat treatment schedule for 123 fiber with adequate
mechanical strengths as well as acceptable electrical properties is the
primary objective under the program. The fiber integrity and fiber
shape and morphology are strongly influenced by the organic removal rate
between 200° and 500°C. The ideal conditions for organic removal of any
preceramic fiber should be slow, decomposition and diffusion, rather
than rapid removal of volatile species from the interior of the fiber.
Since the organic pyrolysis is a kinetic process, both processing tem-

perature(s) and time(s) need to be determined.

From a TGA study, shown before, most of the organic pyrolysis
occurs between 200° and 400°C. Considerable weight loss occurs from
220°C to 360°C at a 10°C/min heating rate in flowing oxygen. To
determine the time needed teo slowly remove the organics in the as-drawn
fiber at this temperature range, isothermal TGA was performed on 0.5 to
1 mm diameter fibers from 200° to 500°C at 50°C intervals for 2 h at
each temperature in flowing oxygen. The objective of this experiment
was to learn the time needed to reach a constant weight at each
temperature. Figure A-3-1 shows that the isothermal weight losses at
200° and 250°C is critical for the slow decomposition and diffusion of
the organic species. A longe. hold, 5 h at these two temreratures,
revealed that the weight losses at 200° and 250°C have not yet reached a
constant weight Fig. A-3-2. Therefore, even longer time may be needed
at these two temperatures. Additionally, it should be noted that the
time needed also depends on the fiber diameter. It is expected that the
time required 1is shorter for thinner fibers. The prolonged time needed
is thought to be due to the slow diffusion and decomposition of the
organics from the interior of the fiber. The isothermal weight losses
above 250°C reach constant weight within 1 to 2 h. Rapid heating rate
in the range of 100° to 400°C generally produces a dense crust on the

fiber surface with porous interior.
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Fig. A-3-1. Isothermal TGA on preceramic fiber (0.5 to 1 mm diameter)
with 2 h at each temperature
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Fig. A-3-2. Isothermal TGA curve of preceramic fiber for 5 h hold at
200° and 250°C and 2 h hold at 300°C and above
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Heat treatment schedule between 600° and 900°C will depend on the
time and temperature where a single phase YBajCuj3Oj_y, with desirable
microstructure can be obtained (either by direct crystallization from
the amorphous phase or fine-scale solid state reactions). Systematic
experiments were conducted to determine the crystalline phase at the
aforementioned temperature range. In order to distinguish the influence
of the low temperature heat treatment (<400°C) from the higher temper-
ature range, a fast heating rate is used (half an hour to reach the
designated temperature) to study the phases existing between 700° and
950°C. Even though the experiment has not been completed at the present
time, the x-ray results indicate that at 750°C, there are BaCO3 and
other phases, such as Y4Cuy0s5, present for 1 h heat treatment. Single
phase of YBajCu307_y are obtained at 900°C for 4 h Fig. A-3-3. The
tentative time-temperature-phase diagram for the appearance of
YBapCu307_y phase is shown in Fig. A-3-4. The present research goal is
to determine the shortest temperature and/or time boundary for the 1002
YBapCu307 _y phase. Though the time required for obtaining single phase
Y¥BayCu307_, may be greater than 4 h, it is presently believed that the
time required for the full-densification, which is being studied
separately, is the determining factor for eventually choosing the time

and temperature profile for the fiber processing.

By stepwise heat treatment below 500°C and slow heating from 500°
to 900°C, dense crust and hollow core morphology of the sol-gel derived
fibers have been suppressed, and more or less uniform porcus fibers have
been obtained Fig. A-3-5. It is clear that (in order to prevent dif-
ferential rates sintering) the same density throughout the fiber cross

section is required before final densification heat treatment.
The heat treatment schedule will be extended beyond 900°C, from

870° to 1000°C, in order to determine the optimum temperature and time

needed where full-densification can be achieved with no exaggerated
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Fig. A-3-7. Pores formation in the fiber using high heating
rate to 500°C and hold for 2 hours

R
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Fig. A-3-8. Dense 123 fiber obtained by proper heat treatment

A-3-9




grain growth. It has been found, by others, that abnormal grain growth
occurs when the fiber 1is heated above 920°C. Fibers made under this
program that have been heat treated to 970°C, 2 h, exhibit faceted

crystals and are mechanically weak Fig. A-3-6.

Grain growth was observed above 950°C as shown in Fig. A-3-7. This
grain growth around 950°C may signify the presence of liquid phase due

to a slight off-stoichiometry in the composition.

A.3.2. FURTHER IMPROVEMENT IN COMPOSITION STOICHIOMETRY

As described before, the process of preparation of solution
containing all three elements 1is fairly reproducible. Fibers can be
successfully drawn from all the solutions. However, most of the fibers
prepared from these solutions after heat treatment at 875 to 920°C
contain not only YBajsCu3z07_, but still a small amount of Y;BaCuOg or
BaCuOy. In order to further improve the solution stoichiometry and to
eliminate the liquid phase formation, the combination of composition of
the solution, and the optimal process conditions are needed. Addition-
ally, it is imperative to eliminate liquid phase for optimum high

current density and to avoid weak link behavior in the fiber.

These slightly off-stoichiometry may arise from several reasons.
As indicated previously (see Section 2.4.4), it may be due to the
inaccuracte calibration in the stock solution, drifting of the concen-
tration of the stock solutions with time, large total volumetric
measurement errors during pipetting of the solutions, or variation of

the volume of the solutions due to temperature fluctuatien.

To achieve the precise stoichiometry, all the stock solutions have
been re-calibrated (original calibrations are in the range of 0.1 to 0.5
atZ) and 10 more batches of the solutions have been prepared. The com-
positions of these solutions are either right on the 123 composition or

2 at? more or less in yttrium, barium, or copper. It is intended to see
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if the slightly off-stoichiometry can be corrected by this approach.
The fibers prepared from these solutions were rapidly heat treated at
900°C for 4 to 8 hours, and the phase purities were determined by x-ray
and DTA. Some of the results are shown in Fig. A-3-9. As can be seen
in the figure, x-ray indicates the presence of a small amount of second
phase. This second phase results in a liquid phase formation at 960°C
(two are at 950°C) in DTA. However, it is possible to eliminate the
second phase by carefully controlling the process as indicated by the
smaller peak area in 960°C peak in one sample (10105-50) and none in
another sample (powder, #10105-S35-P3). We are currently improving the

consistency of phase purity in the process.
A.3.3. CONTINUOUS FIBER DRAWING DEVELOPMENT

Fiber drawing equipment has been completed to study the conditions,
including the solution concentration, viscosity, evaporation of solvent,
drawing speed, etc., required for the continuous drawing process. The
conditions for hand-drawing and mechanical-drawing require different
solvent evaporation rates. Continuous fibers have been successfully
drawn from the solution by either up-drawing or down-drawing techniques
Figures A-3-10(a) and A-3-10(b). The fiber diameter can be varied
depending on the up- or down-drawing speeds and/or diameter of the

spinneret (Fig. A-3-11).
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Fig. A-3-10-(a). Continuous preceramic fibers mechanically drawn
(up-drawing method) from the polymeric solution

Fig. A-3-10(b). Continuous preceramic fiber spool prepared by the
up-drawing method
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Fig. A-3-11. Continuous preceramic fiber prepared by the down-drawing
and extrusion method
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A.3.4. FIBER PREFERRED CRYSTALLOGRAPHIC-ORIENTATION DEVELOPMENT
(TEXTURING)

Due to the anisotropy of orthorhombic YBajCu307_, crystal, the
electrical conducting properties are strongly preferred crystallographic
orientation dependent. It has been shown that it Is necessary to align
the crystals with their a-b plane parallel to and their c-axis perpen-
dicular to the fiber axis in order to maximize the critical current
density. Preferred orientation can be achieved in metallo-organic
derived YBajCu30y_y fibers either by melt-texturing, heterogeneous
nucleation through seeding with the help of magnetic field or surface

crystallization.

The heterogeneous nucleation through seeding the fine crystallites
with the assistance of magnetic field alignment will first be tried. 1In
order to seed “he viscous solution, fine crystallite size 123 has been
produced. For a fiber of 20 to 50 microns of final diameter, the seeds
should be well below the micron-size, non-agglomerated, and well-
crystalline. Large seeds will generate rough surface as well as enhance
the secondary grain growth in the fiber. These will surely deteriorate

fiber mechanical strength.

Preferred orientation development in the fiber through seeding of
fine DyBasCuOy_y crystallites with the assistance of magnetic field
alignment is in the stage of modification of the existing fiber drawing
equipment. A magnet has been designed and built. The magnetic field
strength can be adjusted by the distance between the pole pieces. The

field strength of the designed magnet is 0.75 T at 0.5 cm spacing.
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A.4. ELECTRICAL AND MAGNETIC PROPERTY DETERMINATION

A.4.1. RESTIVITY MEASUREMENT

In this section, the measurements made on YBayCu307-§ powders and
some of the first sol-gel derived YBapCuj07-6 fibers are reported.
Powders prepared by the sol-gel technique were pressed into pellet form,
annealed in 0g at 973°C for 14 h, and cooled in 0; over a 12-h period.
X-ray diffraction scans of the powders and reground pellets were iden-
tical and consistent with a high-T. perovskite structure with less than
5 volume percent of impurity phases. Rectangular specimens were cut
from the pellets with a diamond wheel saw. Figure A-4-1 shows the
resistivity of an Oz-treated specimen as a function of decreasing
temperature T in zero applied magnetic field. We define T, as the
temperature at which the resistivity drops to the fraction n of the
extrapolated normal-state value. The critical temperature T.=Tg,5 has a
value of 91K with a transition width 8T=Tgg-Tgy; of less than 2 K. These
values are in good agreement with published values for samples prepared

by solid-state reaction (Ref. 14).

Resistivity measurements were also carried out in applied magnetic
fields R up to 10 T. The transitions broadened with increasing H, sug-
gesting some inhomogeneity and/or magnetic field anisotropy. Figure 17
shows upper critical fields H, at which the resistivity drops to the
fraction n of the extrapolated normal-state value at the field. Ignor-
ing the curvature of H.p vs T in low fields, the initial upper critical
field slope (dH.7/dT)T. = -2.75 T/K for n = 0.1, 0.5, and 0.9 are shown
in Fig. A-4-2. These results are also in agreement with data reported

for samples prepared by solid-state reaction (Ref. 8).

A.4.2. MAGNETIC SUSCEPTIBILITY

Magnetic susceptibility data were taken by first cooling the sample
in zero field; then a field of H = 25 Oe was applied and the suscepti-

bility was measured for increasing temperatures. Subsequently, the
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Meissner signal was measured by cooling in the applied field, and is
shown in Fig. A-4-3. The onset of superconductivity occurs below 89 K.
The strength of the dismagnetic signal was greater than the Meissner

signal by a factor of 3.9.
A.4.3. MAGNETIZATION MEASUREMENTS

The magnetization M was also measured as a function of magnetic
field. After cooling the sample in zero applied field, the magnetic
field was increased to 50 kOe and decreased back to zero at a fixed
temperature of 5K. These results, shown in Fig. A-4-4, can be used to
estimate the c¢ritical current density using Bean’s model (Ref. 15). 1In

this model, the current density is ass +:. to be uniform and is given by
Jo(A/cm2)a = FAM(emu/cms )d/(cm),

where F is a geometrical factor such that F ~= 34 for a sphere of
diameter d (Ref. 16), and F ~30 for a long cylinder of diameter d with H
parallel to the cylindrical axis (Ref. 17). Scanning electron micro-
graphs of the sample reveal a granular structure with irregularly shaped
grains varying in size from <1 gm to ~10 gm. If intergranular coupling
is negligible in the presence of the applied field, then a value of

d = 5 gm in Bean’s model gives an order of magnitude estimate of the
intrinsic critical current density associated with an individual grain.
Estimates of J. as a function of the applied field are shown in Fig.
A-4-5, where the values of F = 30 and d = 5 jm were used. At 5 K, the
critical current density has values of J, ~6.2 x 108 A/em? at 3 kOe and
Je V2.0 x 106 A/cm? at 40 kOe. These values are consistent with those
obtained for bulk single crystals (Ref. 18-19) and field-aligned powders
(Ref. 20).

The magnetic susceptibility for some of the first Y{BajCu3O7_g

sol-gel fibers have also been measured. For a sample annealed in air at
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850-900°C for 6 h and at 500°C for 3 h shown in Fig. A-4-6, it was found
that the onset of superconductivity 1is at approximately 86 K. Although
the magnetic transition was broad, we believe that it can be narrowed in
samples prepared under more carefully controlled annealing conditions
and with continuing refinements in the future sample preparation

techniques.
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Fig. A-4-4. Magnetization as a function of magnetic field after
cooling the sample in zero applied field
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A.4.4. TECHNIQUE FOR MEASURING 123 RESISTIVITY AS A FUNCTION OF
TEMPERATURE AT MICROWAVE FREQUENCY

The measurement of 123 resistivity at microwave frequencies as a
function of temperature can be accomplished by constructing a microwave
cavity in which the walis are coated with the material under test. If
the cavity 1is driven by an external source at a frequency corresponding
to one of its natural resonant modes, energy is transferred between the
electric and magnetic fields of the resonance. A certain fraction of
this stored energy is dissipated each cycle into the resistivity of the
walls via the radio frequency (rf) currents associated with the electro-
magnetic wave structure. A useful figure of merit is the cavity’s qual-

ity factor, or Q, for the mode under question which is given by:

Stored Energy

2m Energy Dissipated per Cycle

Ustored

W g— (4-1)
Pdissipated

where w 1s the radian frequency of the resonant mode of interest.
Numerous methods exist in the microwave art of the measurement of cavity
Q, some of which will be discussed below, however, all require that the
user is aware of all power dissipation mechanisms involved, and not just
the dissipative wall losses, and that proper experimental technique is

followed to separate out these other loss mechanisms.

One difficul.y in the implementation of high Q cavities is the
prevention of rf leakage at the mechanical joints where the cavity is
assembled. This occurs because almost all modes, regardless of cavity
shape, contain electromagnetic fields whose resultant wall currents
perpendicularly cross these joints in at least some regions. One
notable exception to this is the circular cylindrical TEg,; family of
modes. These modes are relatively insenr~itive to the tight tolerance
fitting, joining, and clamping at the joints of other modes, even for
high Q, low loss designs. This constructional advantage is particul..ly
attractive for cryogenic designs that must undergo large temperature
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excursion.

For these reasons, we intend to begin construction on a

TEgy] circular cylindrical cavity during the next reporting period.

The electric and magnetic fields (E and H, respectively) in the

radial, azimuthal, and axial (r, 9, and z) directionc f~r this cavity

mode are given by:

Eg = EgJ; (ker) sin (kz) eltt | (4-2)
E =E, =Hg =20 ’ (4-3)
k_Fo iwt 4
Hp = - 1 E: 26 J1 (ker) cos (kz) e ’ (4-4)
kg E
0 =0 iwt
H = - 1 EZ 26 Jo (ker) sin (kz) e . (4-5)
The cutoff, free-space, and guide wave numbers are given by:
3.8317
C = a ’ (4"6)
w
kg = z ’ (4-7)
n
k= k§ - k- T (4-8)

for a cavity of radius a and length L. The free space impedance, Zg =

377 ohms and the Js are the familiar Bessel functions of the first kind

of order 0 and 1.

From these fields, we can calculate the cavity'’s stored energy, U,

the wall loss, P, and the resulting Q:

2
€gma‘L 2.2
EgJg (kea)

’ (+-9)

A-4-12




2
mal Eo 2

2a 2 2
= IZ' Z—Z Rg ko + T ke Jp (kea) ’ (4-10)
0 "0
Q R s 2 s (4-11)
= a0Rg , -
2a 0 2a
k% + 22 skin k% k2

where Rg is the surfare resistivity in ohms "per square,” and the skin
depth, Ogkin,» is the e-folding distance for the rf wall currents into

the imperfect conductor of conductivity o.

We desire a test cavity with a TEgj; resonance of 10 GHz. Although
not critical, we choose the aspect ratio, a/L = 0.766, to minimize the
cavity’s internal surface area for coating. This then implies an inter-
nal diameter of 4.32 cm and an internal length of 2.82 em. A high pur-
ity copper cavity at room temperature (Rg = 26 mll) of these dimensions
would have an expected Q of 28,000. Work by Newman, et al. at NRL (APL
54, 389) showed an improvement of three in R3 for their high T, material
at 18 GHz. Since, as a first approximation, Rg varies as £2 for a
superconductor and as £0:5 for conventional conductors, an improvement
of 7.2, or Rg = 3.6 mll, might be expected for a similar experiment at
10 GHz. Since we intend to coat all internal conducting surfaces of our

cavity, an overall Q of 200,000 is expected.

A troubling source of loss in many cavity Q measurements is the
effect of the coupling probes or irises on the cavity resonance. This
problem can be overcome by successively lessening the strength of the
coupling. For example, using the two-probe transmission method, the
most familiar of the Q measurement techniques, ‘“ » desire a received
signal strength of 1 mV from an HP 423B mic. detector diode, and
furthermore assume a weak coupling factor of 0.01 (probe losses 1% of
wall losses) into our Q = 200,000 cavity, a maximum H field of 11 A/m is
developed on the superconductor and a source strength of 30 mW would be
required, a level certainly feasible and requiring little amplification

from commercial X-band synthesized signal generators.
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Alternately, we could use a modification of the single port impe-
dance technique of Q measurement (which reduces the complexity of the
cryostat design) and measure the full width at half maximum of the
reflected signal as the coupling is increased. At the critical point
at which no reflection is detected, the measured Q is half of that due

to wall losses alone and much smaller signal strengths are involved.

Barring any theoretical constructs that may limit our Q to 200,000,
even higher Qs may be obtainable with improvements in coating purity and
surface preparation. (Superconducting niobium cavities for use in par-
ticle accelerator research have demonstrated Qs of 109 at these fre-
quencies.) For such narrow bandwidths, the cavity Q is more easily
measured in the time domain, using the decrement method in which the

ring-down time is measured following a pulsed stimulus.
A.4.5. CAVITY Q MEASUREMENTS

We have completed the design of the first 10 GHz TEgpj; cavity,
Fig. A-4-8, and the parts are being machined now. The cavity is
designed to fit inside our Janis Supervaritemp gas-flow cryostat; the
cavity will be sealed by indium O-rings, pumped out through the central
hole and backfilled with helium exchange gas. The two coaxial leads
will be indise stainless steel tubes brazed into holes in the top of the
cavity. The leads will be sealed at the top of the cryostat in such a
way that they can still be moved up and down inside the tubes. The
first cavity is being made of OFHC copper, polished to a mirror finish,

and gold-plated to protect it against corrosion.
The Q of a TEg;) cavity is given by

Q = Rg0al/{Ag/Ac)2 + (2a/L)(M0/Ag)2] = (al6)/{(hg/A¢)?

+ (2a/L)(M0/Xg)2)
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where a and L are the inner radius and length of the cavity, respec-
tively, and Ry = 1/(00) are the dc conductivity, skin depth, and surface
resistance in the walls of the cavity, respectively, Ag is the free
space wavelength, A, = 27a/pg) = 3.8317 is the first zero of the
derivative of the zero order Bessel function, and kg =

Moll-(Ag/Ae)2)1-1/2 is the guide wavelength.

The final dimensions chosen for the cavity are a = 2.146 cm (1.690
in.) and L = 2.711 cm (1.067 in.); this gives a resonant frequency of
10.16 GHz. Using the textbook value (N. Ashcroft and D. Mermin,
Introduction to Solid State Physics, Saunders College, Philadelphia, PA,
1976) for the conductivity of gold, ¢ = 5.0 x 103 (B-cm)-1 at room
temperature and ¢ = 2.0 x 106 (ﬂ-cm)’1 at liquid nitrogen temperature,
gives unloaded Q’s of 31000 and 62000 at room temperature and liquid
nitrogen temperature, respectively, 1f the small perturbation due to the

central hole in the top plate is not considered.

The most important effect of the central hole in the top plate is
to decrease the resonant frequencies for the two TMy;g modes , which
would otherwise be degenerate with the desired TEp;; mode, so that they
are well away from the desired resonance. Calculations for very similar
cavities (S. Sridhar, J. Appl. Phys. 63, 159, 1988) show that each TMgpjg
mode should be shifted by at least 20 MHz. The Q for the TEpjj; mode
would have to be below 500 for the resonant frequency of the nearest
TMg10 mode to fall inside the 3 dB points. The lack of azimuthal
symmetry due to the coupling holes and the small gaps between the end
plates and the cylinder will 1ift the degeneracy further. Since
currents flow between the end plates and the cylinder in both TMpjg
modes but not in the TEp;] mode, the small gaps between the end plates
and the cylinder will act as mode traps: they will lower the Q of the

TMg10 modes without affecting the Q of the TEpjj mode.
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A.5. THE EFFECT OF FLUX CREEP ON THE SURFACE RESISTANCE
OF HIGH T, SUPERCONDUCTORS

A.5.1. INTRODUCTION

Ceramic oxide superconductors have both low pinning strength,
because of their short coherence length and low carrier density, and a
high operating temperature compared to conventional superconductors.
As a consequence, magnetic flux can creep by thermal activation over
relatively low barriers. This phenomenon, which 1s relatively hard
to detect in conventional superconductors (Ref. 21), can dominate the
transport properties in the ceramic oxides (Ref. 22), as a result, one
never achieves a true zero resistance state in these superconductors
(Ref. 21), and the usefulness of these superconductors depends on the

tolerance of flux motion in each specific application.

In the sections which follow, expressions are developed, roughly
following the lead of the Anderson-Kim model (Refs. 23 and 24), which
describe the effect of flux motion in the superconductors. As a result
of two years of frantic work since the original discovery of these
superconductors, most of the parameters in these equations are reason-
ably well known. One, the flux attempt frequency, is not known and
will be used to fit the equations to reliable transport measurements.
Finally, using the fitted equations, we make predictions about the

surface resistance at high frequencies.

A.5.2. FLUX CREEP EQUATIONS

Here a line of analysis advanced by Anderson (Ref. 23) and Kim
(Ref. 24) is used. Additionally, the discussions of Campbell and
Evetts, (Ref. 25) as applied to the ceramic oxide superconductors by
Yesherun and Malozemoff (Ref. 26), are heavily emphasized. However, for
the purpose of this discussion, the main theme of their argument is
applied in a somewhat different direction by focussing on the relatively

low field requirements for a cavity application and by considering the




effect of the flexibility of flux lines as defined by Campbell and
Evetts (Ref. 8) and Kramer (Ref. 27).

The energy cost, Upin’ of moving a magnetic flux bundle from some
pinning site, which is not superconducting, into a completely supercon-
ducting volume ought to scale with the energy required to force (from
the presence of the flux bundle) some of the superconductor into the
normal state (Refs. 21 and 26). The change in the superconducting
volume is proportional to the volume of the pinning centers which the
flux left behind. Their minimum size is set by the superconducting
coherence length §, and the Helmholtz free energy density of an extreme
Type 1T superconductor (the Ginzberg-Landau parameter X )>)> 1) has the
form (Ref. 26)

1
5 Bo (Hez - Blpg)?
h, _ 2 el H (1 -n)2 -
T ) TR Sy gy Yz fefle oW oD

where H.; = V2K H. is the upper critical field and H. is the thermo-
dynamic critical field, h = H/H.3. The pinning energy is thus

int _ 1 2
Uggnn =2 poHe€3 (1 - m)2 . (5-2a)

We assume that the pinning sites are present at a density of 1/d264,.
If the minimum flexible length of a flux bundle, s ¢ dpin (see Appen-
dix A.1), then the flux bundle can hop from one pinning site at a time,
and the activation energy for hopping is given by Eq. 2a. If s ) dpin’
then the rigidity of the flux bundle forces it to hop from all the
pinning sites within that length, np, simultaneously, so Eq. 5-2a

changes to:

int _ 1 2
UBZR™ = 3 MompHcéd (1 - m)2 . (5-2b)

That same rigidity prevents the bundle from being pinned except by sites
within § of its flexing distance, ddijsp- As a result, np ¥ 1 up to s, M
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dpin (dpinlf)z, and only then increases np a s/s, (see Appendix A.2).
Hereafter, the flux lattice will be considered floppy if s ¢ dpinr and
rigid if s > dpjn. In the latter case, the distance between effective

%*
pinning sites is increased to dpyp ¥ s up to s = s,.

Now, suppose the superconductor carries a current J and the bundle
contains a field B. Then the flux bundle experiences a Lorentz force
which tries to displace it from the pinning center. The pinning center

experiences a force:
%
Fmagn = BJAs = Jéodpin s (5-3)

where A = ag is approximately the cross section of the flux lattice
surrounding each bundle, and we assume that each bundle carries only one
quantum of flux. The flux is shifted inside the pinning site until the
restoring force caused by the gradient of the potential well restores
equilibrium. It unpins only when the Lorentz force equals the maximum

force exerted by the potential well, Fpji, ¥ Upin/g' From that one gets
fo) *
Fpin = Jc®odpin = Upin/§ (5-4)

, *
where Jg = Upin’(f¢odpin) is the critical current in the absence of flux

creep.

The current tilts the potential well of the pinning sites, as shown
in Fig. 5-1, so that

U*(J) = (Upn * Jodpindpin)
o (5-5a)
= Upin (1 + (dpinlé) (J/Jc)} ’
U= (3) = (Upin - I8édpin) = Upsn (1 - J/IQ) . (5-5b)
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U(x)

Fig.

Effect of Lorentz force J x B on the energy barrier to a
unit length of flux bundle in a pinning site. The initial
barrier has a height of U, and a width of £. The pinning
sites are separated by a distance dpy,. Each bundle con-
tains one quantum, ®, of flux.
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When J = Jg, flux flows without a barrier — it need not be thermally
activated, and the flux motion is limited by the dissipative forces

(viscosity) involved in moving flux through a superconductor (Ref. 4).

The net diffusion velocity of the flux lines is the difference in
the probability of jumps in the opposite direction times an attempt fre-
quency, {l, and a jump distance, djmp ~ dpin’ Since the distance to a
maximum in the potential is { in one direction and dpin in the other

(Ref. 11), the equation is somewhat messy:

) (5-6a)

o 1 =]

§
Vpin = 1) dpin exp &;—; X - exp(-x) exp -

where

Lcl"—c,
0o
o | =1

One would expect dpinlf > 1, so one can ignore the backward hops except
at the highest temperatures and lowest currents (e.g., xdjmp/§ < 1),

where Eq. 5-6a takes the limiting forms:

U
Vpin = 0 dpgp exp - - (1 -J/J)  x>1 (5-6b)

J U U
Vpin = f djmp 1+ g 3— T €Xp - F x <1 . (5-6¢)

Equations 5-6a through 5-6c are valid so long as the flux is
strongly pinned: flux spends more time pinned than moving between pin-
ning sites. In the weak pinning case, viscous forces limit the flux

speed to

Vyise = J 8/1 = Jpn/Hea ’ (5-7)
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where 7 is the viscosity and g, the normal resistance (Ref. 21). For

intermediate strength pinning, the average flux velocity is

-1 -1 -1
Vflux = Vpin * Vvisc - (5-8)

If we assume that Vpin will dominate in any region in which we are

interested, we can take Vfglyx = Vpin-

The electric field, E, generated by the flux motion is just

U

E =B velux = Eo exp - 3 (1-J3/JD)  x>1 (5-9a)
J dpin U U

= Eq Eé 1+ § T exp - 1 x <1 ’ (5-9b)

where E; = B {1 dpjn. Solving for J. one finds

Je x J2 [1 - (T/U) 1n (Eo/E)] x>1 (5-10a)
P o= : : <1 (5-10b)
o = ——F— exp - = X . -
¢ Eg L. doin P T

3

The size of the "eritical current" J, depends on the measurement limits
for the electric field E. That is, these "super" conductors still have

a finite resistance.

A.5.3. SUPERCONDUCTING RESISTANCE — ZERO FREQUENCY

Going back and solving the above equations for resistance, one
finds that in the absence of pinning, the viscosity for flux motion for
the superconductor yields a large resistance that is linear in B and T

(the latter through the temperature dependence of pp):
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B
= fn o5 (no pinning sites) (5-11)

Ps Hoop

[}
ol m

®% 0.01 pll-m at 1 Tesla

This is no better than copper!

The presence of pinning makes things more complicated. For dc cur-
rents, the flux cannot move without hopping out of pinning sites. The
hopping rate rapidly becomes very small as T decreases. One can get a
feeling for this situation by loocking at Eq. 5-9. For high temperatures

and/or for low currents (e.g., UJdpip < fJgT), Eq. 9b can be rewritten

as
U U
pPePogexp -5 (5-12)
where
E 8B  dpin 3
= — 2 n . (5-13)
Po Je poHZ &

Flux is only weakly pinned at high temperatures, so the resistance
in that case is limited by the viscosity for flux flow in the

superconductor

-1 -1 -1
Pflux = Ppin * Pvisc - (5-14)
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Fig. 5-2.
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Effective resistivity from flux creep for a high T. supercon-
ductor with T, = 92 K, §$ = 2.5 nm, §|| = 0.5 nm, and H, =
0.82 T (this gives U, ® U.05 eV), and d }n = 1.5 mm. =

109 s-1 to force Jo between 1010 and 10E Afm2.
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The resistivity, E/J, was calculated from Eq. 5-9 and plotted in

Fig. 5-2 using the following parameters: H. = 0.82 eV (Ref. 29) and

fl and §|| = 0.5 and 2.5 x 109 m (Ref. 30) which give Uy, = 0.05 eV,

dpin = 1.5 x 1078 m (Refs. 30 through 32), {l = 109 s'l; the last was

chosen to give Jg N 106 - 107 A/cm? at 0 K. With this combination of

parameters, and a field of 0.1 Tesla,

Eo ® 1.5 V/m in Eqs. 5-9 and 5-10
and

fo ¥ 7.8 x 10-11 Ql-m in Eq. 5-12

All of the above parameters are temperature dependent. The Ginsberg-
Landau forms are a reasonable approximation to the observed behavior
(Ref. 33) and were used in the calculation of the curves in Fig. 5-2:
Ho and Hep @ (1 - t2), € a V(1 + t2)/(1 - t2), and U @ (1 + t2)3/2

(1 - £2)-4/2 (1 - b)2, where b = H/Hop. In addition, po(T) = po [(1 +
t2) (1 - t4)]'1/2. One can see that at low currents, the resistance is
constant, and its value decreases rapidly with temperature. It

increases dramatically as one approaches Jg..
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A.5.4. SUPERCONDUCTING RESISTANCE — HIGH FREQUENCY

For ac currents, the resistance does not disappear even for com-
pletely pinned flux. The pinning sites have a finite size, {, and the
flux lines can move back and forth within them. There is a restoring
force retarding the motion of the flux that will eventually bring them
to a halt, so we assume that on the average, the flux bundles move at
about half the speed they would if free. With this model, each cycle
causes a resistance Bvyjgc/2J for time 2§/vyjigc- In multiplying by

cycles per second, one has for the loss from this source:

wéB
PsW) = 5 . (5-15)

This only dominates at frequencies such that

Vvisc

w) 26 14

(5-16)

at which point pg(w) approaches half that of unpinned flux. It
increases further for higher frequencies until the flux is effectively
completely unpinned; the analytic form of this increase depends on the

shape of the pinning potential well.

AC currents cause resistance even at low frequencies. This is
especially visible in the floppy case; the flux lines distort and move
freely in between the pinned locations (Fig. 5-3). If we assumed that
the Lorentz force applied to the flux bundle between pinning sites
stretches it until the restoring force equals the Lorentz force the

shape (Ref. 27) of the bowed flux line is

fp cosh (x/s)
25C66 sinh (djyn/2s)

(5-17)

y(x) =




F =2 sin f dE/dI

l----.-—-
F =J B dpin

Fig. 5-3. When flux lines are floppy, the Lorentz force bows them out

between pinning sites.

The stretching force is normal to

the curve at every point, so not counting the rigidity of
the flux lines, the flux bundle is roughly bent into the

arc of a circle.

For small forces, the flux displacement

in the center is dgqigp = £p/Ceg d;in/AsZ (Ref. 10)

A-5-11




The amplitude of this motion, d4qjgp, increases with the separation
between sites, dpyn, and decreases with the square of the minimum
flexible length s (see Appendix A.l). This causes a motion just as
described in Eqs. 5-15 and 5-16, except that only about half of the line
moves to the full extent, and { is replaced by ddisp- As a result, the

resistance is larger and the saturation frequency is much lower.

w B ddisp
Ps = fpin —(5— (5-18)
Vvisc
w > {5-19)
ddisp

The above are very crude models. A more sophisticated analysis,
based on rf studies (Refs. 34 through 36) of conventional Type II super-
conductors, has shown that flux pinning is effective below a frequency
(Refs. 35 and 36)

PnUpin
v

(Bé,)-1/2 . (5-20)

Because the superccnducting parameters are quite different for the oxide

superconductors considered here, Eq. 20 may not be valid.

We suggest that it 1is necessary to repeat the old experiments of
measuring the surface resistance of the high T, superconductors under
the external applied magnetic field. Such experiments will yield infor-
mation of the nature of the flux flow and pinning in the high frequency
regime and will provide a different method to determine the critical
magnetic fields of the new superconductors. Measurements of the ac
resistivity as a function of frequency for the samples with different
pinning strength will also be useful. This type of experiment can be
done in a transmission line configuration. In particular, whether the
critical frequency, «, specified in Eqs. 5-16, 5-19, and 5-20, exists
in the new superconductors, and its analytic dependence remain to be

determined.
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A.5.4.1, High Q Cavities. Finally we have the derived equations needed

as result of flux motion (not including w2 term — that is in addition)
to estimate the resistivity of superconductors as function of

temperature at high frequency.

Suppose one wanted to drive a 10 GHz cavity in the TEg)) mode with
a Q of 105. Such a cavity would be a cylinder approximately 2 cm in
radius by 3 cm long that gives V N 4 x 10-3 m3. Suppose one could tol-
erate a wall loss of 1 W. Energy lost per cycle is P & 10-10 J. The
energy density stored in the cavity is E N8 PQ/V R3 x 103 J/m3. Average
field B = V2B, ¥ 107 T, so the fields are smaller than H.j in this
case, and magnetic fields only penetrate a magnetic field penetration
length, Ap; one would have to reach energy densities of MI/m3 for flux

to penetrate as bundles.
From
H.dA = I.dS , (5-21)

one can estimate the currents needed to contain these fields. Equa-
tion 5-21 reduces in the cylindrical case to I (A/m~l) = 5 x 106/2n
H(T)r(m) ¥ 10 A per unit length along a cylinder of radius r. The
superconducting surface sets up this current in a layer whose thickness
is the skin depth, § % 0.2 jpm, so the current density at the surface,

J N85 x 107 A/m2. 1If power loss is 3 x 10-4 W for a surface area of 5 x
10-3 mz, then resistance can be R = P/I2 = 10-13 Q-m. One can see from
Fig. 5-2 that if one only worries about the dec¢ loss, these materials can

operate up to 77 K.

Suppose the cavity had to have a Q of 101l. Then the fields would
be above H.j and the flux would penetrate as bundles. The required cur-
rent would also increase by 103, The penetration depth now depends on

how far the flux can penetrate in one cycle. At 10 GHz, that 1is far
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less than A\;. For the cavity described above: J =5 x 109 A/m-2, Heo =
140 T, and using p, & 1 pfl-m, one finds N4 x 101l s-1 (Eq. 5-16),
implying that at a frequency of 1010 s-1  the flux lines would move a
distance of 40 £ N 4 x 108 m in a cycle. As a result, the field
penetration length is still A;. The required surface resistance is now

N10-19 fl-m, and these materials cannot be used above about 40 K.

At sufficiently high frequencies, the flux lines behave as 1f they
were not pinned. For the cavity described above: J =5 x 109 A/m‘z,
Hep = 140 T, and using p, 2 1 pﬂ-m, one finds M4 x 1011 g-1 and 3 x
102 s-1 for Eqs. 5-16 and 5-19, respectively, implying that the flux
lines would be effectively pinned at 10 GHz, but that they would flop
back and forth freely; the surface resistance would be nearly that of

copper unless the pinning density could be raised.

A.5.5. SUMMARY

We have shown that £lux pinning is sufficient to reduce the surface
resistance of the ceramic oxide superconductors to tolerable levels only
in the dc limit. At microwave frequencies, the flux lines can distort
with their pinning framework and contribute an unacceptable level of

loss to the superconductor.

The model developed in this péper is rather simple and implies the
same kind of ac losses in more conventional Type II superconductors. As
they operate quite well at sufficiently low temperatures, it is clear
that the model is incomplete and needs further investigation; at this
stage it should be treated as a guide to future experiments, rather than

a quantitative analysis.
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TABLE A-5-1
MATERIAL PARAMETERS

Maximum pinning strength and thermal activation calculated for several
Type 1l superconductors. Underlined numbers were calculated from the
others.

NDN Nb3Sn
Y123 Pb-10% T1 Nb-Ti (Refs. 13 (Refs. 23
(1, || to c-axis) (Ref. 29) (Ref. 38) (Ref. 39) and 40) and 41)
Heo (Tesla) 0.82 0.08 0.25 0.19 0.48
(Ref. 26)
Heio (Tesla) 0.5, 0.005 -- -- 0.0093 0.03
Heoo (Tesla) 29, 140 0.2 13 15.8 23
Teo (°K) 90 7.2 9.5 16 18
(Ref. 43)
o (nm) 0.5, 2.5 100 4 4.6 3
Ao (nm) 810, 94 200 300 440 65
Ko 230, 36 1.8 70 60 22
kT, (eV) 0.007 0.0006 0.0007 0.0014 0.0016
U=H2£3  (eV) 0.02 16 0.04 0.03 0.06
(Ref. 22)
Uexp (eV) 0.05 lto2 - -- --
(Ref. 42)
kT, /U Maximum 0.1 0.00001 0.02 0.04 0.03
kgT./U Exptl 0.1 0.0006 - -- --

A-5-15




APPENDIX II

A.II.1 MINIMUM FLEXIBLE LENGTH OF FLUX LINE, s [Derived from
expressions in Kramer {(Ref. 27)]

We define s as the distance between pinning pins such that the
maximum flexing of the center of a flux line, ddisp ={. If ddisp > &,
then the line could hop from a pinning site in the center of the line
without hopping from either of its neighbors. The maximum force one can
exert on the line is Upin/§° The shape of the flux line is given by

Kramer (Ref. 27) — in our notation, as

Upin cosh (x/2s)
V(%) = 75 € Cge sinh (dpinl2s)

(A-1)

where the shear modulus Cgg (n/m2) = 1.5 x 105 H3(T) (1 - h)2, h =
H/Hep, dpin = s, and Upgpn = 1/2 png§3 (1 - h)2. This displacement of

the center relative to the ends is just

Fofz cosh (1/2) ~ 1

Setting y(0) - y(1/2) = £ and solving for s one finds:
s=3.2¢6 . (A-3)

J*
A.II.2. DISTANCE BETWEEN EFFECTIVE PINNING CENTERS, dpin

The only effective pinning sites lie within £ of the maximum flex
distance of the flux line. A flux line with pins separated by Zd;in
probes a volume fddispd;in. The product of the volume probed and the
density of pinning sites is the probability of finding a pinning center
between the two original pinning sites. If the density of pinning cen-

ters is 1/dgin’ then one finds
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* 3
dpin = dpinlfddisp
One finds from Eq. A-]

ﬂofz

cosh (dpyn/2s) - 1

ddisp - 6 x 107 s

*
Since dpinlzs < 1/2, Eq. A-5 can be simplified to

*
Foﬁzdpin

sinh (dgin/2s)

ddaisp = 1.2 x 106

SO

and

*
np = s/dpin = 2.5

s2

£ 3/2
dpin

(A-4)

(A-5)

(A-6)

(A-7)

(A-8)

One can see from Eq. A-8 that np 1 unless the density of pinning sites

is extremely high.
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